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Abstract 
 

Faults experience both slow slip and fast, seismic-wave producing, rupture events perceived as 
earthquakes. These behaviors are often assumed to be separated in space and to occur on two different 
types of fault segments: one with stable, rate-strengthening, friction and the other with rate-weakening 
friction that leads to stick-slip. The unexpected Mw 9.0 2011 Tohoku-Oki earthquake shook such 
assumptions by accumulating its largest seismic slip in the area that had been assumed to be creeping. Our 
group has been developing models in which stable, rate-strengthening behavior at low slip rates is 
combined with coseismic weakening, allowing unstable slip to occur in segments which can also creep 
between events. With model parameters based on laboratory measurements on samples from the fault of 
the Mw 7.6 1999 Chi-Chi earthquake, the long-term slip behavior of the model - examined using the 
state-of-the-art numerical approach that includes all wave effects - reproduces and explains a number of 
both long-term and coseismic observations about faults that hosted the Tohoku-Oki and Chi-Chi 
earthquakes. The implication that earthquake rupture may break through large portions of creeping 
segments - currently perceived as barriers - requires re-evaluation of seismic hazard in many areas, 
including California.  

In this project, we have investigated the possibility that large earthquakes penetrate below the 
seismogenic zone (as defined through microseismicity distribution), into the deeper, creeping fault 
extensions. Our modeling efforts indeed support such a scenario, further indicating that such deeper 
penetration in past events can be detected by the absence of concentrated microseismicity at the bottom of 
the seismogenic zone. We have been building a model of such deeper penetration of large events based on 
thermally induced pressurization of pore fluids, and examining its implications for the microseismicity, 
interseismic creep, and long-term behavior of the San Andreas Fault (SAF).  

We have also started to examine the effect of penetration of seismic slip into creeping areas on the 
source properties and interaction of repeating sequences. In simplified 2D models with 1D faults, we find 
that the interaction of repeating sequences is dominated by the static stress changes due to postseismic 
slip, opening the possibility of constraining the properties of the creeping region using the observed 
interaction.  A more faithful 3D model of the interaction is under construction. To model all these 
phenomena while producing realistic behavior that can be compared to observations, we use the modeling 
approach that fully reproduces the inertial, stress-concentrating, effects during seismic events, while 
seamlessly resolving the transition between seismic and aseismic slip. 
 The studies have advanced our understanding of the friction properties of the SAF and the penetration 
depth of large events, which will contribute to the evaluation of seismic hazard in California and other 
areas. The resulting better understanding of seismic hazard and physics of large destructive events will 
contribute to reduction of losses from earthquakes in the US. The research is well aligned with the USGS 
Priority Topics in Research on Earthquake Physics. 
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1. Physical model for seismic slip in creeping regions  
 
Our model includes two aspects of earthquake source physics that have been gaining acceptance and 
validation through laboratory experiments and comparison of earthquake models with observations. The 
first one is the rate-and-state nature of fault friction at low, aseismic slip rates, conclusively documented 
in laboratory experiments and used to reproduce, both qualitatively and quantitatively, a number of 
earthquake-source observations (Dieterich, 2007; Scholz, 1998).  Our previous studies supported by 
USGS have shown that the standard logarithmic rate and state formulations (Dieterich, 1979, 1981; 
Ruina, 1983; Blanpied et al., 1991, 1995) already allow us to match a number of basic observations 
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regarding the Parkfield segment behavior (Chen and Lapusta, 2009; Chen et al., 2010; Barbot et al., 
2012).  Such laws express the dependence of frictional shear strength τ f  on the effective normal stress 
σ , slip rate V (which we also call slip velocity), and evolving properties (state) of the contact population 
represented by the state variable θ , through: 
 

          τ f =σ f = (σ − p)[ fo + a ln(V /Vo )+bln(Voθ / L)],   
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where σ  is the normal traction, p is the pore pressure, fo , Vo , a, b, and L are rate and state parameters, 

with L being the characteristic slip for state variable evolution, and Vc  is the cut-off velocity of the order 

of 10−8  m/s.  In these laws, the rate and state features result in small variations (of the order of 1-10%) 
from the baseline frictional strength given by ofσ .  Despite being small, these variations are 
fundamentally important for physically and mathematically meaningful stability properties of frictional 
sliding (e.g., Rice, Lapusta, and Ranjith, 2001).   In the steady state, (a − b) is the rate-and-state parameter 
that can be used to model both stable, velocity-strengthening (VS) fault segments (a − b > 0) and 
potentially seismic, velocity-weakening (VW) fault segments (a − b < 0).   
 The second emerging property of the earthquake source is additional substantial fault weakening at 
seismic slip rates. While theories of such weakening have a long history (Sibson, 1973), relatively recent 
laboratory confirmations of this phenomenon (Tsutsumi and Shimamoto, 1997; Tullis, 2007) have put this 
notion on the earthquake science map.  Our prior support from USGS and NSF has enabled us to 
incorporate shear heating dynamic weakening mechanisms, such as flash heating and thermal 
pressurization, into our simulations of earthquake cycles (e.g., Noda and Lapusta, 2010, 2013).  One 
shear-heating weakening mechanism that has laboratory support is flash heating (e.g., Rice, 1999, 
Goldsby and Tullis, 2003, Beeler and Tullis, 2003, Rice, 2006, Beeler et al. 2008), in which tips of 
contacting fault gouge grains heat up and weaken.  Such weakening can be activated even for very small 
slips of the order of 100 microns if the shear strain rate is high enough.  Hence this mechanism can be 
important even for the smallest earthquakes.   Another relevant mechanism is pore fluid pressurization 
(e.g., Sibson, 1973; Andrews, 2002; Noda, 2004; Bizzarri and Cocco, 2006a,b; Rice, 2006; Noda et al., 
2009), in which rapid shearing raises the temperature and hence pore fluid pressure, lowering the 
effective normal stress and hence the frictional resistance. To include flash heating and/or pore 
pressurization into our models, we modify the logarithmic rate and state formulation (1.1) to  

 

τ f =σ f = (σ − p) fo − fw + a ln(V /Vo )+bln(Voθ / L)
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where wV  is the characteristic slip velocity at which flash heating starts to operate, wf  is the residual 
friction coefficient, and pore pressure p could be evolving due to shear heating as discussed below.  Based 
on laboratory experiments and flash heating theories, wV  is of the order of 0.1 m/s.  Selecting much larger 

values of wV  than the seismic slip rates of the order of 1-10 m/s would effectively disable the additional 
weakening due to flash heating.  The coupled temperature and pore pressure evolution is calculated by 
(Rice, 2006 and references therein, Noda et al., 2009, Noda and Lapusta, 2010): 
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where y is the space coordinate normal to the fault, T is the temperature, αth and αth are the thermal and 
hydraulic diffusivities, ω(y) is the heat generation rate the integral of which over the width w of the 
shearing layer equals to τfV, ρc is the specific heat, Λ is pore pressure change per unit temperature change 
under undrained condition.  (Note that this formulation can also include inelastic dilatancy, as an 
additional term in the equation for the pore pressure evolution.)  The heat source, ω(y), is distributed in a 
narrow shear zone around the fault.  The standard assumption is to take this term to represent the effect of 
uniform sliding in the fault zone of thickness w.   
 In our simulations, spontaneous long-term slip history of fault slip is determined using the 3D 
simulation methodology of Lapusta and Liu (2009) and Noda and Lapusta (2010), which is the extension 
of the 2D methodology of Lapusta et al. (2000).  The methodology incorporates slow tectonic-type 
loading and all dynamic effects of self-driven dynamic rupture.  The algorithm allows us to treat 
accurately long deformation histories and to calculate, for each earthquake episode, initially quasi-static 
accelerating slip (nucleation process), the following dynamic rupture break-out and propagation, 
postseismic response, and ongoing slippage throughout the loading period in creeping fault region.   
 
2. Depth extent of large earthquakes on mature strike-slip faults 
 
We have successfully applied this paradigm to exploring the possibility of deeper slip in large 
earthquakes.  It is typically assumed that all seismic slip is confined within the seismogenic zone - often 
defined by the extent of the background seismicity - with regions below creeping. In terms of rate-and-
state friction properties, the locked seismogenic zone and the deeper creeping fault extensions are 
velocity-weakening (VW) and velocity-strengthening (VS), respectively. Recent studies have suggested 
that earthquake rupture could penetrate into the deeper creeping regions (Shaw and Wesnousky, 2008), 
and yet deep slip is difficult to detect due to limited resolution of source inversions with depth.  
 Our study has shown that the absence of concentrated microseismicity at the bottom of the 
seismogenic zone may point to the existence of deep-penetrating earthquake ruptures (Jiang and Lapusta, 
2015; 2016). The creeping-locked boundary creates strain and stress concentrations. If it is at the bottom 
of the VW region, which supports earthquake nucleation, microseismicity should persistently occur at the 
bottom of the seismogenic zone. Such behavior has been observed, e.g. on the Parkfield segment of the 
San Andreas Fault (SAF) and the Calaveras fault (Figures 1A and 1B, Waldhauser et al., 2004, 
Rubinstein and Beroza, 2007). However, such microseismicity is inhibited if dynamic earthquake rupture 
penetrates substantially below the VW/VS transition, dropping stress in the ruptured VS areas and making 
them effectively locked. Hence the creeping-locked boundary, with its stress concentration, is located 
within the VS area, where earthquake nucleation is inhibited. Indeed, microseismicity concentration at the 
bottom of the seismogenic zone is not observed for several faults that hosted major earthquakes, such as 
the Carrizo and Coachella segments of the SAF (Figure 1c) and the Denali fault (Ratchkovski et al, 2003). 
 We have confirmed this hypothesis by simulations that adopt the kind of modeling described in 
section 1 to this problem (Figure 2; Jiang and Lapusta, 2016). In our model, a VW region is surrounded 
by VS areas. Around the deeper transition from the VW to VS behavior, patches of smaller nucleation 
sizes are added to simulate fault heterogeneity that could lead to microseismicity. Such patches are likely 
present shallower as well but we do not include them in the model for numerical efficiency, since we 
focus on the behavior at the transition. Thermally-induced pore fluid pressurization (TP) is effective on a 
part of the fault, leading to enhanced coseismic weakening. In the case where efficient TP is restricted to 
the VW zone, model-spanning earthquakes arrest quickly in the VS areas, and the creeping-locked 
boundary reaches the bottom of the VW region early in the earthquake cycle, producing microseismicity 
(Figure 2, panels A1, B1, C1). In contrast, if efficient TP extends deeper (5 km deeper in the example), 
earthquake rupture activates coseismic weakening in the VS areas, penetrating much deeper and 
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generating larger average slip (Figure 2, panels A2, B2). In this case, the creeping-locked boundary, while 
moving up-dip with time (Figure 2, panel D2), is below the VW area throughout the interseismic period, 
producing essentially no microseismicity (Figure 2, panel C2).   

 
Figure 1. Examples of the relation between seismicity and slip in large events.  20-year seismicity 
prior to the mainshock (blue), 5-year aftershocks (black) (from NCSN catalogue; Waldhauser and 
Schaff, 2008) and estimated earthquake slip (in color) for (A) 2004 Mw 6.0 Parkfield earthquake and 
(B) 1989 Mw 7.1 Loma Prieta earthquake. Slip models are from Barbot et al. (2012) and Beroza 
(1991), respectively. Red lines mark the alignment of microseismicity at the creeping-locked 
boundary. Blue stars are earthquake hypocenters. (C) Seismicity in Southern California (1981-2011) 
within 3 km to either SAF or SJF (Hauksson, 2012). Fault geometries are from the SCEC Community 
Fault Model; the vertical scale is exaggerated to emphasize the fault depth. Active seismicity at depth 
is observed for San Jacinto fault, Parkfield segment and San Bernardino segment of San Andreas 
fault; Cholame, Carrizo and Coachella segments with major events in the past (including the 1857 
Fort Tejon earthquake with inferred extent indicated by the solid-dashed red line) have been 
seismically quiet for decades, including no to little seismicity at the bottom of the seismogenic zone. 

Hence the absence of concentrated microseismicity at the bottom of the seismogenic zone likely 
points to deeper penetration of large earthquakes. The relation between the microseismicity and depth of 
slip in large earthquakes can help us understand historical events and evaluate potential future earthquake 
scenarios on mature strike-slip fault segments, including those of the SAF. The 1857 Mw 7.9 Fort Tejon 
earthquake is the last major event on the San Andreas/San Jacinto fault system in Southern California 
(Hauksson, 2012; Fig. 3) which ruptured the Cholame, Carrizo, and Mojave segments (Bouchon and 
Karabulut, 2008; Sieh, 1978). Deeper penetration of these two segments are supported by the report of 
deep slip of ~11m and 16 m inferred from historical surveys, despite lower slip at the surface of 3-6 m 
and 5 m, respectively (Smith-Konter et al., 2011; Grant et al., 1994). The last major earthquake on the 
Coachella segment occurred in ~1690 and potentially also ruptured the San Bernardino and Palm Springs 
segments (Fialko, 2006). The recurrence of such events pose severe seismic risk for Southern California. 
Virtually no microseismicity is currently observed on all these segments (Fig. 1).  
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In the light of our modeling, this observation implies that, ~150 to ~300 years after the previous 
major seismic events, the locked-creeping transition on those segments is still below the bottom of the 
seismogenic zone. To achieve that, dynamic rupture on those segments should have penetrated an 
additional depth below the seismogenic zone, at least 3-5 km based on our estimates derived in section 3, 
and perhaps much more. Interseismic geodetic observations indeed suggest that the Carrizo and Coachella 
segments are accumulating more potency deficit than other fault segments, which they are expected to 
release in future events (Zielke et al., 2010).  

 
Figure 2. Dynamic fault models that reproduce the observed behavior of microseismicity 
(Figure 1) and suggest the possibility of deeper penetration of large earthquakes. Two models 
are compared with different spatial extent of enhanced dynamic weakening (DW) with respect to the 
VW region at low slip rates: (A1) Model M1 with DW (red hashed region) confined within the VW 
region (white) and (A2) Model M2 with DW extending into the deeper VS region (yellow). Patches 
of smaller nucleation sizes are added to the model at the transitional depths (grey circles) to explore 
the effect of the stress concentration there on seismicity. (B) Slip rate snapshots for typical large 
earthquakes out of sequences simulated and their aftermath. Earthquakes penetrate deeper in model 
M2, with stress concentration between the locked (black) and deeper creeping (blue) fault areas 
located below most of the VW region capable of earthquake nucleation (except for some imposed 
small patches). (C) Spatial patterns of microseismicity in relation to earthquake slip (in color). Events 
are illustrated using a circular crack model with equivalent seismic moment and stress drop of 3 MPa. 
Note the microseismicity streaks in model M1 and their near absence in model M2. (D) Time 
evolution of locking depths defined as the depths with slip rates of 0.1%, 1% and 10% of the plate 
rate (blue lines) and seismicity depth (green dots) during one post- and inter-seismic period. Red stars 
give the locking depths prior to the mainshock. 
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3. Estimating the upward migration of the stress concentration front 
When earthquake rupture penetrates below the seismogenic zone (VW region), the stress concentration 
front (SCF) induced at the locked-creeping transition (LCT) is within the VS region, and migrates up dip 
due to gradual resumption of creep in the post- and inter- seismic periods. Therefore, the depth of the SCF 
in the interseismic period is connected to the depth extent of (previous) coseismic slip. 

 
Figure 3: Post- and inter-seismic migration of the stress concentration front (SCF) after a deeper-
penetrating earthquake. (A) Schematics of SCF (blue strips) advancing up dip with a (time-dependent) 
propagation speed Vprop . The locked and creeping VS regions are associated with slip rates Vl (≈ 0)  and 
Vc , and shear stresses τ l  and τ c , respectively. The difference of stress across SCF is Δτ c-l . (B) Depth 
profiles of shear stress during the post- and inter-seismic periods (from red to black: 30 min, 5 hours, 2, 
20, 200 days, 5 and 50 years), similar to Fig. S17. Δτ c-l  for different times are marked. (C) Incremental 
stress and (D) incremental slip during the time intervals shown in (B), suggest a quasi-static, slowly 
expanding crack. The stress peaks in (C) indicate approximate locations of the SCF. The horizontal 
dashed lines mark the transitions between VS+DW and VS regions. The vertical dashed line indicates no 
stress change. 

 

As illustrated in Fig. 3(A), the SCF moves up dip with time, separating locked and creeping regions. The 
coseismically ruptured region gets loaded while stress decays in the unruptured region due to postseismic 
slip. Let us denote the difference between the stress levels across the SCF by Δτ c-l . In Fig. 3 (C-D), the 
incremental stress and slip over several consecutive time periods indicate that this process is similar to a 
2D (Mode III) antiplane quasi-static crack that slowly advances into the locked region, with time-
dependent creeping rates and stress concentration in front of the crack tip. Based on kinematics, the 
propagation speed of the SCF is equal to the spatial slip gradient (right behind the tip) times maximum 
slip rate at the SCF. Since slip gradient, as shear strain, is related to stress difference via shear modulus µ, 
and maximum slip rate at the SCF is just the creeping rate Vc (t) , we arrive at the following expression:  

locked 
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 Vprop (t) =αµ
Vc (t)
Δτ c-l (t)

  (3.1)  

where α  is a coefficient to account for geometrical effects of mapping our results into this approximate 
model, Δτ c-l (t)  is the stress difference across SCF, and t  is the time since the previous large earthquake. 
Δτ c-l (t)  is affected by several processes and can be written as:  

 Δτ c-l (t) = τ c (t)−τ l (t) = τ c (t)−[τ c (0
− )+Δτ +Δτ load (t)],   (3.2) 

where τ c (t)  and τ l (t)  are the stresses in the creeping and locked regions at time t , respectively, t = 0−  is 
the time right before the earthquake, Δτ  is coseismic stress increase, and Δτ load  is the stress increase 
from loading. Δτ  is comparable to the static stress drop during the earthquake Δτ eq (< 0) , so we assume 

Δτ = −Δτ eq > 0 .  

To use Eq. (3.1), we need an estimate of Vc (t)  and τ c (t) . In the VS region below the seismogenic zone, 
postseismic afterslip following large events has been amply documented, e.g., (Reilinger et al., 2000; Day 
et al., 2005). These observations can be well explained with steady-state VS friction, at least for periods 
after tens of days since the event, as supported by numerical studies (Tullis, 2007; Tanikawa, 2009). 
Hence we can write:  

 τ c (t) =σ f * + a log(Vc (t) /V
*)!" #$   (3.3) 

Note that we have simplified the notations by using only rate-and-state parameter a since b = 0  for the 
deeper fault extensions in our models. When b ≠ 0 , a  is replaced by (a − b)  in Eq. (3.3). Formulations 
for steady-state postseismic fault slip are derived in (Tullis, 2007) with a spring-slider analog. The spring-
slider (SS) model ignores the time variation in the size and properties of the afterslip fault zone, but may 
provide a simplified description of our results. In the context of earthquake sequences, the loading rate V0  
and the rate before perturbation Vi  in their model coincide with the late-interseismic fault slip rate in our 
models, therefore Vi =V0 =Vc (0

− ) . Recognizing that, we express fault slip rate Vc (t) ,  

slip δc (t) , and stress τ c (t)  with formulations modified from (Tullis, 2007) as follows:  

 δ(t) =Vi tr log 1+ d(exp(t / tr )−1)[ ] ,   (3.4) 

 Vc (t) =Vi
d exp(t / tr )

1+ d(exp(t / tr )−1)
 ,   (3.5) 

 τ c (t) =σ f
* + a log(Vc (t) /V

*) ,   (3.6) 

with  

  d = exp(−Δτ eq / aσ ) =Vc (0
+ ) /Vc (0

− ) and tr = aσ / kVi = aσ / !τ  ,    

where tr  is the characteristic time for the postseismic period, k  is the spring stiffness in the spring-slider 
model, and  !τ  is the shear stressing rate. To compare the behavior of our models with the simplified 
formulation above, we take the values of aσ , recurrence time Tr  (~250 yr.), coseismic stress drop Δτ eq  

(~10 MPa), and Vi  (0.4 − 0.5Vpl ) from the 3D models. Using the constraint for total slip, 

TrVpl =Vi tr log(1+ d(exp(Tr / tr )−1)) , we solve for the effective tr . In Fig. 4, we show the behaviors of 



 9 

VS regions in three models (model M2-L, M2, M2-H) with different friction properties at depth. The 
general trend of the postseismic fault response in the VS region of the 3D models is predicted relatively 
well by Eqs. (3.4)-(3.6) for t >106  seconds (10 days) after the event. The increasing deviations with a 
larger value of a  suggest a time-variable tr  in the 3D models due to the expansion of postseismic 
slipping regions. In the late interseismic period before an event, the VS region slips at a rate below the 
long-term plate rate, as seen in other studies as an expanding stress-shadowing zone (Mizoguchi, 2008). 
In the context of our models, such lower rate is needed to balance the afterslip. 

 
Figure 4: Postseismic response of faults with different frictional properties at depth. (A) Depth dependence of 
frictional properties (a− b)  for three models M2-L, M2 and M2-H. (B) Postseismic fault slip rates at the depth of 
21.5 km ( a− b =  0.01, 0.02, 0.04 for the three models, respectively), just below the depth extent of the preceding 
large earthquake rupture. Numerical results from our 3D models are shown in the red lines and theoretical 
predictions based on the spring-slider (SS) model (Eq. 13) are shown in blue dashed lines. 

 

Combining Eqs. (3.1), (3.4), (3.5), and (3.6), the migration speed of the SCF in the post- and inter-seismic 
periods is given as:  

(B) Time evolution of slip rate on fault

Model M2

Model M2-H

(A) Frictional properties

Model M2-L

Time (sec) Time (year)

3D model
SS model

3D model
SS model

3D model
SS model
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Vprop (t) =αG
Vc (t)

τ c (t)− τ c (0
− )+ Δτ eq + Δτ load (t)⎡⎣ ⎤⎦

≈αGVc (t) σ f * + aσ log(Vc (t) /V
*)− (τ c (0

− )+ Δτ eq )⎡⎣ ⎤⎦
−1
,

 

where the pre-seismic stress level for the creeping regions is τ c (0
− ) =σ [µ* + a log(Vi /V

*)] . We ignore 
the stressing Δτ load (t) , since this term is smaller compared to other stress changes, and this simplification 
leads to a lower-bound estimate on Vprop . Then we get the following estimate for the migration speed and 
propagation distance of the SCF:  

 Vprop (t) =
αGVc (t)

aσ log(Vc (t) /Vi )− Δτ eq
,   (3.7) 

 Dprop (t) = Vprop0

t

∫ ( ′t )d ′t for t ≤ Tr .   (3.8) 

 
Figure 5: Fault slip and migration of SCF in a post- and inter-seismic period. (A) Postseismic fault slip in the 
VS region ( z = 21.5  km) in the 3D models and spring-slider (SS) models. The three 3D models have different 
frictional properties at depth (Fig. 4). (B) Migration of the SCF (defined here as the depth with a slip rate of 
0.1Vmax , where Vmax  is the maximum slip rate over the fault at the time) in 3D models and its approximation (Eqs. 
3.7 - 3.8). We use 105 s (~1 day, marked by black circles) after the end of the earthquake as the origin time for the 
approximate solutions. 

Approx. model
3D model

3D model
SS model

Model M2 Model M2-HModel M2-L

(A) Postseismic slip on fault ( z = 21.5 km )

(B) Migration distance of SCF
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Using Eq.(3.7), we find that α = 0.18  gives a reasonable match between our 3D fault models and the 
simplified estimate, with deviations expected for cases with larger aσ  (Fig. 5). Nonetheless, the total 
migration distance in all models is well reproduced. 

 

 

 

Figure 6: Dependence of migration distance of the SCF Dprop  on Δτ eq  and aσ . Different combinations of 

earthquake recurrence time Tr  (200 and 250 years) and late interseismic fault slip rate Vi  ( 0.4Vpl  and 0.7Vpl ) are 
used in the calculation. Black circles (thick lines) indicate the approximate locations in the parameter space for the 
three models M2-L, M2, and M2-H (Tr ≈ 250 yr., Vi  ≈ 0.4Vpl ), and their corresponding locations (thin lines) in 
other plots. 

 

(A) Tr = 250 yr., Vi = 0.7Vpl (B) Tr = 250 yr., Vi = 0.4Vpl

(C) Tr = 200 yr., Vi = 0.7Vpl (D) Tr = 200 yr., Vi = 0.4Vpl
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Using Eq.(3.8), we can estimate the total migration distance of SCF, and hence of the locked-creeping 
transition, for fault segments with a range of properties, e.g., known Tr  and Vpl  and feasible values for 

aσ  and Δτ eq . In Fig. 6, we make such an estimation for a = 0.005-0.03, σ = 50-200 MPa and Δτ eq = 3-

12 MPa, assuming different combinations of parameters Vi = 0.4Vpl  or 0.6Vpl  and Tr =  200 or 250 yr. 

We observe that Dprop  depends strongly on Δτ eq  and relatively weakly on aσ . In the cases with small 

aσ , a significant fraction of the postseismic slip occurs in a short time period ( t  < 10 days) following 
the event, so the approximate model would under-estimateDprop . In the cases with large aσ , the overall 

small postseismic slip rate over a large characteristic time would lead to a smallerDprop . Based on these 

considerations, for events with larger stress drops (> 5 MPa) and reasonable values of aσ , this migration 
distance could be at least 3-5 km, leading us to conclusions at the end of section 2. 

 

 
 
Figure 7. Interaction of two repeating earthquake sequences in a creeping segment dominated by 
postseismic slip. (Left) Slip rate evolution on a 1D fault with two identical VW patches, shown both in 
actual time (top) and as a function of (variable) time steps to emphasize changes during seismic events 
and postseismic slip (bottom). Red color includes coseismic rupture. Postseismic creep fronts (PCFs) are 
clearly visible, traveling from one patch to the other. The PCF from the right patch (at ~2.4 yrs or 5.4x104 
time steps) triggers a seismic event on the left patch (at ~ 2.5 yrs). The PCF from the left patch only 
triggers aseismic slip on the right patch (at ~2.65 yrs), because the patch is far from failure. (Right) Two-
patch interaction in our simulations (red circles) vs. the separation distance between the patches. 1 and 0 
correspond to instantaneous triggering and no interaction, respectively. Blue and green circles are 
theoretical estimates of the interaction because of static stress changes experienced by one of the patches 
due to coseismic slip on the other patch. At separation distances less than five patch diameters, the 
significant difference between numerical results and theoretical estimates is mostly contributed by stress 
changes due to propagating postseismic slip. Postseismic slip also causes the interaction of the two 
patches to extend much farther than the typically expected distances of one to two patch diameters.  
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4. Interaction of small repeating earthquakes dominated by postseismic slip 
 
Small repeating earthquakes occur on a number of faults and their observations have been used to study 
various aspects of earthquake physics and mechanics (e.g., Ellsworth and Dietz, 1990; Vidale et al., 1994; 
Marone et al., 1995; Nadeau and Johnson, 1998; Schaff et al., 1998; Nadeau and McEvilly, 1999, 2004; 
Bürgmann et al., 2000; Beeler et al., 2001; Sammis and Rice, 2001; Igarashi et al., 2003; Imanishi et al., 
2004; Nadeau et al., 2004; Schaff and Beroza, 2004; Matsubara et al., 2005; Allmann and Shearer, 2007; 
Chen et al., 2007; Rubinstein et al., 2012).  
 We have continued our studies of small repeating earthquakes (which occur in the creeping segment 
close to the Parkfield segment) and properties of the creeping region that surrounds them. Such work 
informs our development of the combined model of the Parkfield and creeping segments, building on the 
Parkfield model by Barbot et al. (2012), which will be in part used to understand the potential for a large 
seismic event to propagate through the creeping segment.  
 Our studies of interaction between two repeating earthquake sequences (Lui and Lapusta, 2016; 
Figure 7) show that much of the interaction occurs through the stress changes transported by accelerated 
creep in the VS areas between the seismogenic patches. Hence one can determine the properties of the 
creeping areas based on the observed triggering time between the events in the two interacting sequences. 
In fact, our preliminary models of the SF and LA repeating sequences (SAFOD targets) and their 
interaction (Figure 8) indicate that velocity-strengthening properties of the creeping segment in that area 
are between 0.004 and 0.008 for the effective normal stress of 120 MPa, values consistent with laboratory 
measurements as well as prior estimates (Blanpied et. al., 1995; Johnson et. al., 2006; Barbot et al., 2009).  

                                       
Figure 8. Simulations of the SF and LA repeating sequences. (Top) Slip-rate snapshot showing 
postseismic slip from a SF event triggering the LA patch. Red circles indicate the two VW patches.  The 
left (SF) patch, which is now locked, has just experienced a seismic event. The (traveling) postseismic 
slip (orange) has just arrived at the LA patch, initiating near-seismic slip there (red).  The LA patch 
ruptures next (not shown), with the time delay between the two seismic events being minutes, consistent 
with observations, for (a – b) of the VS area between 0.004 and 0.008.  (Bottom) The simulated stress 
drop due to the SF event (left) and its comparison to the inferred stress drop from a finite-fault slip 
inversion based on the SAFOD data (Dreger et al., 2007). The values of the stress drop are similar, with 
peak values up to 90 MPa. The stress drop is positive inside the VW patch and negative outside. The 
average stress drop in our model is ~20 MPa, comparable to the average stress drop of ~30 MPa inferred 
by Abercrombie (2014). In our simulations, such a high value of stress drop is achieved by enhanced 
coseismic weakening. Compared to our numerical results, the observationally inferred stress drop 
distribution is much more heterogeneous. Hence our next step is to implement a heterogeneous model, in 
which each repeater occurs on a collection of closely spaced and/or intersecting patches.  
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